C ongenitally corrected transposition of the great arteries (ccTGA) is a rare cardiac malformation characterized by the combination of discordant atrioventricular and ventriculoarterial connections. 1 The incidence has been reported to be around 1/33 000 live births, accounting for 0.05% of congenital heart malformations. 2 Although a familial recurrence of heart defects in subjects with ccTGA has been reported, 3 the etiology of this malformation is not currently known. 1, 4 The morphological right atrium is connected to the morphological left ventricle across the mitral valve, with the left ventricle then connected to the pulmonary trunk; the morphological left atrium is connected to the morphological right ventricle across the tricuspid valve, with the morphological right ventricle connected to the aorta. Because of this "double discordance," the systemic venous return is pumped to the lungs, while the pulmonary venous return is directed to the body. In the context of usual atrial arrangement (situs solitus), the morphological left ventricle is thus positioned to the right and the aorta, arising from the morphological right ventricle, is more commonly left-sided. In mirror-image atrial arrangement (situs inversus), the morphological left ventricle is left-sided, and the aorta is usually positioned to the right.
Most patients have at least 1 associated cardiac anomaly, mainly ventricular septal defect (VSD), subvalvular and/or valvular pulmonary stenosis, or abnormalities of the systemic (tricuspid) atrioventricular (AV) valve with coexisting accessory pathways. 4 Because of the unusual position of the atrioventricular node and course of the atrioventricular conduction bundle, cardiac conduction disorders are frequent and markedly alter the natural history and management of the malformation. [5] [6] [7] This article provides a comprehensive, up-to-date description of the characteristics of the cardiac conduction system in patients with ccTGA, their clinical sequelae, and their contemporary management.
Morphology and Cardiac Conduction System in ccTGA
Most commonly, there is the usual atrial arrangement. The heart position in the chest is usually normal or midline or occasionally right-sided. The morphologic right ventricle is often to the left and slightly anterior position or is directly to the left of the morphologic left ventricle in the setting of a vertically oriented septum. Compared with normal hearts, the morphologic right atrium may bear features relevant to interventions such as a displaced coronary sinus orifice, a short isthmus, and a short posterior rim of the oval fossa. 8 The anatomical disposition of the cardiac conduction system is different in the 2 forms of congenitally corrected transposition: those with the usual atrial arrangement versus those with mirror-imaged arrangement of atrial appendages, and there are important deviations to note (Figure 1) .
Hearts with the usual atrial arrangement have a grossly abnormal disposition of the atrioventricular conduction system ( Figure 1) . 9 Due to the deeply seated pulmonary outflow tract in between the ventricular septum and the mitral valve, there exists a malalignment gap between the ventricular septum and the atrial septum. The gap is filled by a large membranous septum or is occupied by a large perimembranous VSD. Consequently, a regularly situated posterior atrioventricular node is hypoplastic and cannot connect with any atrioventricular bundle. Instead, there is an anterior atrioventricular node located below the orifice of the right atrial appendage close to the lateral margin of the area of fibrous continuity between pulmonary and mitral valves. This anomalous node gives origin to the penetrating bundle of His that pierces though the fibrous trigone to continue as the atrioventricular bundle in the subendocardium of the ventricular myocardium, along the cephalad margin of the outflow tract, in the immediate subpulmonary area adjoining the pulmonary leaflets. As it reaches the ventricular septum, the bundle turns inferiorly to descend anteriorly along the septum for some length before it branches to give the left bundle branch on the right side and the right bundle branch on the left side ( Figure 2 ). In the presence of a VSD the atrioventricular bundle is related to the defect's anterior margin, usually on the right side just off the septal crest. By contrast, in the mirror-imaged atrial arrangement, the sinus node is located in the left-sided atrium in its usual position in relationship to the terminal crest and the entrance of the superior caval vein. In these hearts the atrial and ventricular septa are better aligned, allowing a regularly located atrioventricular node, at the apex of the triangle of Koch, to continue in normal fashion to an atrioventricular bundle that passes in a posteroinferior relationship to the margin of a VSD if there is one. 10 The bundle branches descend in usual fashion with the cord-like right bundle branch to the right side of the septum and the fan-like left bundle branch to the left side. After giving the bundle branches, the branching bundle may continue as an anterior bundle that ends blindly, not making contact with another atrioventricular node that is situated anteriorly.
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There are, however, exceptions or variations to this template for hearts with the usual atrial arrangement. In cases where the pulmonary outflow tract is atretic or narrowed, septal malalignment is reduced. In these, histologic studies of a few cases have shown a sling of atrioventricular conduction system connected to both anteriorly and posteriorly situated atrioventricular nodes. 9, 12 In others, although there are 2 nodes, there is no sling. The anterior node connects with an anterior bundle. 9 Reported variations include a case with 3 atrioventricular nodes in a heart that had an accessory pathway in the leftsided tricuspid annulus 12 and a rare case of straddling of the mitral valve across a large perimembranous defect, which on histologic examination revealed a regularly positioned posterior node and bundle. 13 
Cardiac Conduction Disorders in ccTGA Etiology
The etiology of conduction disease in ccTGA directly relates to the underlying developmental anatomical anomalies. In the absence of associated malformations, the patient may be without symptoms, remaining undiagnosed for many years and only presenting much later in life with progressive heart block, which is attributed to fibrotic changes leading to complete discontinuity of the abnormally long atrioventricular conduction bundle. 14 Heart block may also present in infancy.
The study of the conduction system by Lev and colleagues in 1963 15 is probably the earliest to document congenitally complete atrioventricular block. In a small series of patients, complete atrioventricular block was seen in 15 of 30 cases with normal atrial arrangement but not in any of 8 cases with associated situs inversus. 16 Furthermore, cases with 2 AV nodes may be seen with penetrating conduction bundles that join to form a sling typically around a VSD, as first described by Monckeburg in 1913. This arrangement is classically seen in cases with the combination of atrial isomerism, an atrioventricular septal defect, and ccTGA. Perioperative AV block may occur with either physiologic or anatomic correction, 17 and transient AV block may also be induced by cardiac catheterization. 
Electrocardiographic and Electrophysiologic Features
The ECG appearance relating to ventricular activation in ccTGA is different from that seen in the structurally normal heart. As the right and left conduction bundles relate anatomically to the respective ventricles, septal activation occurs in the opposite direction, namely from right to left. 4 This leads to a mirror image pattern in the precordial leads leading to a reversal of the normal QRS morphology, with Q waves evident in V1 and a dominant R wave but no Q wave in V6. The P-waves and QRS axis may also vary depending on the specific atrial arrangement and location of the AV node and proximal conducting bundles, 19 and further ECG variation may arise from other anatomical anomalies commonly seen in the condition. Manifest ventricular pre-excitation may also be present and may mask varying degrees of intrinsic conduction disease within the AV node and proximal conducting bundles. This should be especially considered in those with a fully preexcited QRS in the absence of supraventricular tachycardia. Conduction disease may involve either the AV node or the proximal or His bundle as well as the more distal bundle branches. In patients followed sequentially, conduction disease may progress over time, and presentation with complete AV block leading to a diagnosis of ccTGA is well recognized. 20 An early study of the electrophysiologic properties in patients with ccTGA and conduction block including firstdegree AV block found variable sites of block occurring in the AV node, the His bundle, and the distal conduction system. In 2 patients with block distal to the His bundle, 1 presented with repeated syncope, and the other died suddenly. 7 
Clinical Description and Natural History
Conduction disease in ccTGA may be apparent at any age from fetal life to late adulthood. From the small numbers of cases reported, the diagnosis of complete AV block in either fetal or early postnatal life does not seem to incur a higher risk of early death. 21 A study by Huhta et al reported the annual risk of developing AV block to be 2%. 5 In this study the major risk factor for the development of AV block was an intact ventricular septum, with AV block seen in 48% of such patients compared with 13% of those with a VSD. The natural history of conduction disturbances in 17 patients with isolated ccTGA was reported by Daliento et al in 1986. 6 Ten patients presented with a normal PR interval and 2
with first-degree AV block (12%). Five patients had complete AV block (29%), but none had had it at birth, and first-and second-degree AV block preceded complete AV block in 2 patients. One patient died suddenly 24 years after the onset of compete AV block, and histologic investigation disclosed fibrosis and disruption of the proximal nonbifurcating His bundle. However, it was unclear whether death was from complete heart block or an underlying arrhythmogenic myocardial substrate. 6 The fundamental cause of morbidity and mortality in ccTGA appears to be more related to a gradual deterioration in systemic right ventricular function. 22 The reasons for this are 23 Approximately 75% of patients with ccTGA will have other significant structural lesions including varying VSDs, pulmonary stenosis or atresia, and Ebsteinoid malformation of the left-sided, systemic tricuspid valve, and for that reason surgery is mandated in the vast majority. 4 Due to the decreased longterm survival after conventional (physiologic) surgical repair, a more anatomic surgical approach has been adopted to recruit the morphologic left ventricle to the systemic circulation. 24 Anatomic correction involves an atrial switch (Mustard or Senning procedure) coupled with the arterial switch, or a Rastelli procedure in those with a VSD and pulmonary atresia. Although no prospective comparative study will ever be performed, overall there seems to be no major benefit from an anatomic surgical approach in relation to long-term survival of the intrinsic AV conduction system.
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Management of Conduction Disorders in ccTGA Follow-Up Modalities
Approximately 10% of individuals with ccTGA present initially with complete AV block and 20% to 30% with first-and second-degree AV block. The risk of surgical AV block related to anatomic repairs of ccTGA is variously reported between 3% and 16% of patients and, based on a meta-analysis of surgical strategies in ccTGA, is higher in patients undergoing the arterial switch operation (12%) than with the Rastelli procedure. There is also a tendency of AV conduction defects to progress with age, and the incidence of complete AV block in older children and adults with ccTGA is 30% to 38%. 5, 27 The risk of developing de novo AV block is 2%/y. 22 For this reason, patients with ccTGA should be followed closely with annual ECG and ambulatory monitoring (even in the absence of symptoms); and cardiopulmonary stress testing can be useful (class IIa) to detect subtle deterioration in the infranodal conduction tissue that will block with faster heart rates.
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Pacing Indications and Modalities
Permanent pacemaker implantation may be indicated in patients with congenital heart disease including ccTGA as recommended in published professional practice guidelines. [28] [29] [30] [31] The decision regarding permanent pacemaker therapy must ultimately be made on an individual basis, keeping in mind the fragility of the conduction system. For example, in some ccTGA patients undergoing surgery, it may be prudent to implant prophylactic epicardial pacing leads for future use at the time of a cardiac surgical procedure even if the patient is not in imminent need of pacing, to prevent the need for another sternotomy for the sole purposes of pacing.
Cardiac Resynchronization Therapy Indications and Modalities
Although pacemaker therapy is essential for maintaining chronotropic competence and cardiac output, reports have demonstrated an association between pacemaker implantation and the deterioration of systemic ventricular function in patients with ccTGA. More specifically, deterioration in systemic right ventricular (RV) function and worsening systemic AV valve regurgitation have been shown to be associated with subpulmonary univentricular (UniV) pacing. 23, 32 Potential causes include changes in septal activation causing a septal "shift" and secondary dilatation of the systemic AV annulus with subsequent right AV valve regurgitation. 4 Pacing-induced ventricular dyssynchrony may also play an important role in the functional deterioration of the systemic RV in patients with ccTGA. Some studies have shown that biventricular (BiV) pacing appears to preserve systemic ventricular function in ccTGA patients. Janousek et al initially reported the benefits of cardiac resynchronization therapy (CRT) in a small case series of 8 patients with systemic RV including ccTGA, in whom there was significant improvement in the RV fractional area change (RVFAC) as well as NYHA functional class. 33 Recently, Hofferberth et al reported their evolving experience with 53 patients with ccTGA who received primary dual-chamber UniV pacemakers. Fourteen (26%) patients were upgraded to BiV pacemakers due to systemic ventricular dysfunction, and half of these patients demonstrated subsequent improvement in ventricular function. In the same study, 11 patients underwent primary BiV pacemaker implantation for heart block, and none developed ventricular dysfunction during short-term follow-up. 32 Similarly, Yeo et al compared 22 ccTGA patients with subpulmonary UniV pacing to a relatively closely matched group of 30 unpaced ccTGA patients and 7 BiV-paced ccTGA patients. The subpulmonary UniV-paced patient group demonstrated progressive deterioration in the RVFAC, systemic AV valve regurgitation, and RV dilatation as well as corresponding deterioration in NYHA class compared with the unpaced patient group and the BiVpaced patient group. The latter group showed improvement in RVFAC despite having lower baseline RVFAC. 23 These studies
give impetus for further investigation of alternative pacing modalities in ccTGA such as BiV pacing. The response to BiV pacing is likely to be variable and may be influenced by the degree of systemic AV valve regurgitation, myocardial scarring, and type of electrical conduction delay. In a multicenter study by the Working Group for Cardiac Dysrhythmias and Electrophysiology of the Association for European Pediatric Cardiology, CRT was assessed in 109 pediatric and CHD patients including 36 patients with a systemic RV (ccTGA present in 20 patients). Reverse ventricular remodeling after CRT was significantly greater in patients with systemic left ventricle (LV) compared with those with systemic RV, and the degree of systemic AV valve regurgitation did not improve in subjects with a systemic RV after CRT. 34 Rarely, BiV pacing may actually worsen heart failure symptoms and RVFAC. Kiesewetter et al reported 2 cases of ccTGA with subpulmonary UniV pacing, a wide QRS, and heart failure who were upgraded to CRT. After a promising early response to CRT, an adverse response with worsening heart failure and deterioration in ventricular function was encountered in both patients, leading to discontinuation of CRT. 35 One of the explanations for the less successful reverse remodeling in patients with systemic RV may be that valvar regurgitation from a structural tricuspid valve is potentially less remediable by CRT than functional mitral regurgitation in a systemic LV. Therefore, it should be emphasized that any strategy aimed at improving RV function in ccTGA patients should ideally also include improving TV significant regurgitation.
CRT may also be considered in ccTGA patients with ventricular dysfunction and congestive heart failure without AV conduction abnormalities. However, in general, the benefits of CRT in patients with a narrow QRS are not yet established. 36 Therefore, it is unclear whether CRT will be beneficial for ventricular remodeling in ccTGA patients with congestive heart failure without QRS prolongation. From a procedural standpoint, unless patient size, venous obstructions, and residual lesions pose limitations, an entirely transvenous system can be implanted in ccTGA patients for the purposes of CRT. This is in contrast to CRT for patients with d-TGA after atrial switch procedures in whom access to the systemic RV is usually obtained via a surgical procedure. In ccTGA the coronary sinus develops with the morphologic atria (ie, in the majority of cases the coronary sinus drained into the right atrium), and the venous branches, including the great cardiac vein and lateral branches, develop with the morphologic ventricles. Subsequently, the ventricular veins that drain the morphologic RV tend to be small and short, rarely draining all the way from the RV apex, which makes lead implantation challenging. However, the presence of large Thebesian veins and extensive collateralization between the RV and LV at both anterior and posterior interventricular grooves via the anterior intraventricular vein and middle cardiac vein offer alternative routes for pacing of the morphologic RV anteriorly or posteriorly. 37 Alternatively, biV pacing may be performed by surgical placement of epicardial LV and RV pacing leads or with a hybrid approach that involves surgical placement of an epicardial RV pacing lead and transvenous placement of an endocardial LV lead. 33, 38 Finally, given the relatively high percentage of ccTGA patients who will undergo either UniV or BiV pacing over their lifetimes, close patient follow-up and meticulous monitoring of ventricular function are warranted.
Essential Considerations for Ablation
An in-depth understanding of the location of the AV node is vital for any supraventricular ablation in patients with any form of congenital heart disease but especially ccTGA. Ablation of typical isthmus-dependent (cavomitral) flutter is not usually considered higher risk, and ablation can safely be performed in the standard position. Similar to ablation in hearts with normal anatomy, iatrogenic AV nodal block is less likely when the linear lesion is delivered off the septum. AV node reentry tachycardia ablation, however, requires special consideration given that the targets for ablation are the accessory atrionodal inputs-the slow pathways 39 -and the fast pathway should be avoided. In addition, if more than 1 AV nodal structure is present, multiple permutations of AV node reentry tachycardia are possible, including internodal reentry, and exact definition of the culprit circuit is crucial.
Internodal reentry utilizing a Monckeberg-type sling whereby conduction proceeds anterograde down 1 AV node and His system and retrograde via the other can therefore be excluded by dissociating atrial and ventricular activation (confirming a lack of a 1:1 AV relationship). If, however, this arrhythmia is present, then typically 1 of the AV nodes will require ablation-but only after AV conduction is confirmed to be robust via the other AV nodal structure.
As is the case in the normal heart, electrical conduction proceeding into the AV node remains silent, and the exit into atrial tissue from the AV node during tachycardia is visible as the earliest atrial activation. If other mechanisms of supraventricular tachycardia have been excluded using pacing maneuvers, and the earliest activation appears on the septum in the conventional position for the fast pathway (behind the Tendon of Todaro), then empiric, anatomically guided slow pathway ablation should be undertaken. In the situation of twin AV nodes the culprit AV node will need to be defined using resetting or subthreshold stimulation so as to identify the adjacent slow pathway to be targeted 40, 41 and robust anterograde conduction via the other AV node confirmed with pacing outside of tachycardia. More commonly, anterograde conduction proceeds via the anterior AV node, and the safest empiric approach will involve ablation in the right posteroseptum in the standard location, observing closely for junctional beats and monitoring AV conduction. Unsuccessful empiric ablation here suggests that the likely culprit slow pathway is either left-sided or involves the anterior AV nodal inputs. A stepwise approach to ablation of these slow pathways can then be considered, with the safest initial target being the left-sided slow pathway if the operator is convinced this is not the fast pathway. The anterior AV nodal slow pathway can be targeted with ablation in the root of the pulmonary artery, pursuing atrial signals visible along the posterior aspect of the pulmonary artery cusps while also closely monitoring AV conduction ( Figure 3 ). 39 As a corollary to this, any ablation being undertaken near the pulmonary valve runs the risk of injury to the fragile His, which courses directly behind this structure, and the operator needs to exercise extreme caution. Atypical exits from the AV node can also be targeted for ablation directly if these are not in the conventional fast pathway position on the septum, and the earliest atrial signal can be mapped.
Future Directions and Conclusion
Given the "corrected" nature of the anatomy in patients with ccTGA, this disorder often presents later in life, and often with an arrhythmia heralding that an underlying congenital lesion is present. The intrinsic deficiencies in the conduction system lend themselves to premature failure, and although permanent pacing is commonly required, the optimal initial pacing strategy remains to be defined. The obvious randomized trial of univentricular versus biventricular pacing is needed for those with ccTGA, yet before we enter the realm of randomized therapies for single congenital heart disease entities, registries and larger multicenter collaborative efforts are vital and more realistically within reach. Because right ventricular systole is more of a peristaltic motion and heavily reliant on left ventricular contraction, 42 better imaging and processing modalities are vital if we are to support the systemic right ventricle optimally through pacing. Furthermore, the insights gained will likely also advance our understanding of the arrhythmogenicity of the failing right ventricle and risk stratification/prediction against sudden cardiac death. Finally it has become impossible to imagine a future of pacing without leadless systems and more importantly without biological therapies 43, 44 that can restore automaticity or conduction so that current transvenous and epicardial systems become obsolete. This latter innovation is especially attractive for those patients with ccTGA, as they frequently require pacing at a much younger age than the conventional patient with AV block 22 and therefore have many more years exposed to the risks of intravascular leads and generator replacement surgeries. Figure 3 . Illustration depicting the cardiac conduction system in some patients with ccTGA in whom 2 AV nodes and His bundles are present. The atrionodal connections to the posterior AV node occur via the usual slow and fast pathway locations. Atrial tissue interfaces with the anterior AV node from the usual fast pathway region but also from above the pulmonary valve along the pulmonary cusps. Ablation for elimination of AV nodal reentrant tachycardia entails defining the circuit, followed by safely targeting of the culprit slow pathway while avoiding both the fast pathway and AV nodal tissue. Ao indicates aorta; AV, atrioventricular; ccTGA, congenitally corrected transposition of the great arteries; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; RA, right atrium.
Sources of Funding
